Visual crowding is the inability to discriminate objects when presented with nearby flankers and 21 sets a fundamental limit for conscious perception. Beta oscillations in the parietal cortex were found 22 to be associated to crowding, with higher beta amplitude related to better crowding resilience. An 23 open question is whether beta activity directly and selectively modulates crowding. We employed 24 transcranial alternating current stimulation (tACS) in the beta band (18-Hz), in the alpha band (10-25 Hz) or in a sham regime, asking whether 18-Hz tACS would selectively improve the perception of 26 crowded stimuli by increasing parietal beta activity. Resting electroencephalography (EEG) was 27 measured before and after stimulation to test the influence of tACS on endogenous oscillations.
INTRODUCTION
Visual crowding is one of the factors that most impairs visual object recognition and for this reason, , = × cos [ 2 × cos + sin + ] session provided two small breaks after 15 and 30 minutes in order to prevent fatigue (tACS, 193 however, was on during the entire session). On average participants completed 512 trials in the density montage centred on P4 was optimal to stimulate the right parietal cortex (see Figure 1 ). We 213 created three protocols with different stimulation frequencies: 10 Hz, 18 Hz and Sham. It is 214 important to note that none of the participants reported the presence of retinal phosphenes nor with 215 other participants did not report skin sensation. All subjects were asked at the end of the experiment 218 whether they could guess the presence of stimulation and were at chance level (see Supplementary   219   Table 1 ). About the EEG setting, the signal was recorded at a sampling frequency of 500 Hz and 220 with a 24-bit digitization using 8 electrodes positioned on the following scalp locations: C4, Pz, P4,
221
P8, PO8, PO7, Oz, O2. Channels activity was online referenced to Cz and the impedance was kept 222 below 10kΩ. EEG signal was recorded during an eyes-closed resting-state period of 3 minutes 223 immediately before and immediately after tACS application.
225
Data analysis: behavioural data 226 We calculated the proportion of correct response as a function of the target-flankers distance. Data 262 In order to study how the phase of the external stimulation influences crowding accuracy, we used 263 the tACS sinewave to extract with a Hilbert transform the phase points (in radian) for each temporal Threshold values were submitted to a repeated measures ANOVA with two within subject factors: 297 Stimulation Condition (10 Hz vs 18 Hz vs Sham) and Target Position (left vs right). The ANOVA 298 did not show a significant main effect of the Stimulation Condition (F (2,38) = 1.71, p = .19; η 2 p = .08) 299 and Target Position (F (1,19) = 1.32, p = .26; η 2 p = .06). Importantly, a significant interaction 300 Stimulation Condition × Target Position was found (F (2,38) = 6.70, p = .003; η 2 p = .26). 
Data analysis: relationship between tACS phase and perception

307
The ANOVA on slope values, on the contrary, did not reveal main effects of Stimulation Condition 308 (F (1.28,24.4) = 0.95, p = .39; η 2 p = .05) or Target Position (F (1,19) = 3.56, p = .07; η 2 p = .16), nor a 309 significant interaction (F (1.22,23.19) = 1.38, p = .36; η 2 p = .07).
310
[ Figure 2 about here] 319 Two participants were excluded from the phase analysis due to technical problems that made the 320 tACS data unavailable. Mean accuracy rates for each phase bin ( Supplementary Figure 2) , divided 321 for left and right hemifield, were analysed with a repeated measures ANOVA with two factors 322 within subjects: Stimulation Condition (10 Hz vs 18 Hz) and Phase Bin (6 levels). Mean accuracy rates for each phase bin when the stimulus was presented in the right hemifield were not affected by 324 the stimulation or tACS phase: indeed, we did not find a significant main effect of the Stimulation 325 Condition (F (1,17) = 07, p = .79; η 2 p = .004) and Phase Bin (F (5,85) = .8, p = .55; η 2 p = .045) and the 326 interaction was not significant (F (5,85) = .21, p = .96; η 2 p = .01). Mean accuracy rates for each phase 327 bin when the stimulus was presented in the left hemifield showed a significant effect of Stimulation 328 Condition (F (1,18) = 10.2, p = .005; η 2 p = .38) indicating higher performance with 18-Hz tACS, but 329 the factor Phase Bin (F (5,85) = 1.18, p = .33; η 2 p = .07) and the interaction (F (5,85) = 1.8, p = .1; η 2 p =
Relationship between tACS phase and perception during visual crowding
330
.1) were not significant (see Supplementary Figure 2 ).
331
Also the second analysis, which was conducted in order to see whether tACS phase modulated 332 performance according to a sinusoidal function, did not reveal any significant effects (all 333 permutation tests p-values>.08; see Supplementary Figure 3 ). 336 Comparing EEG oscillatory power before and after each stimulation session, we observed a 337 significant increment in beta power after 18-Hz tACS (t (19) =-3.58, p corr =.008). On the contrary, no 338 significant differences in beta power were observed after 10-Hz tACS (t (19) =-0.67. p uncorr =.255) and 339 after sham stimulation (t (19) =-0.30, p uncorr =.385) (see Figure 3 ).
335
Effects of tACS on EEG activity
340
When we compared EEG oscillatory variations in the alpha band, we observed a significant 341 increment only after the sham condition (t (19) =-2.85, p corr =.041). On the contrary, no differences in 342 alpha power were observed after 18-Hz tACS (t (19) =-1.74, p corr =.39) and after 10-Hz tACS (t (19) =-343 1.43, p uncorr =.085) (see Figure 3 ).
344
Finally, we performed additional analyses to check whether the power of delta (0.5-4 Hz), theta (4-7 345 Hz) and low-gamma (25-40 Hz) frequency bands changed after 18 Hz tACS. We did not find any oscillations that seem to be more related to the occipital cortex excitability (Cabral-Calderin and
In conclusion, we found that 18 Hz electrical stimulation of the parietal cortex enhanced perceptual 516 discrimination in conditions of visual crowding. Our results showed a hemifield-specific effect and 517 a frequency-specific effect, which constitute two important internal controls for this study.
518
The demonstration that parietal tACS at beta frequency not only impacts on behaviour but also 519 significantly affects endogenous oscillatory dynamics suggest, more broadly, that the efficiency of 
